eroatoms in either the position that connects the hydrophobic chains mainly alkoxy, alkanoyl, and alkyl ester or amide-type gemini surfactants and/or spacer chains which mainly comprise -CH 2 CH 2 O n -of the gemini molecule. Despite the fact that it is very important to investigate the effects of different head groups on the surfactant properties of gemini surfactants, there are only a few literature reports on the synthesis of all-hydrocarbon geminis with anionic head groups.
Previously, we have reported the synthesis of 2,3-bis undecyl succinic acid, an all-hydrocarbon gemini. This gemini is formed by having two vicinal COOH head groups attached directly to the gemini platform by the interconversion of an OH group of corynomicolic acid to a COOH group 27, 31 . Moreover, the effect of stereochemistry mesoand dl-of the two COOH groups of the succinic acid gemini surfactant on its properties was studied. The measured properties were the surface tension 27 and the surface pressure-area π-A isotherm 31 . In addition, we have also developed novel anionic heterogemini surfactants with COOH, SO 3 H and PO OH 2 headgroups in combination with a COOH group, which were also generated by the conversion of an OH group of corynomicolic acid 40 .
In the present work, we report a simple and systematic synthesis of an all-hydrocarbon 12,15-bis hydrophilic anionic headgroup -substituted hexacosane Fig. 1 , whose anionic hydrophilic groups comprise sulfate, sulfonate, carboxylate, and phosphate groups, using the functional group interconversion of an OH group of 12,15-dihydroxy-hexacosane or 12,15-hexacosanedione as a key block material. Also, using surface tension and π-A measurements, the effect of anionic head groups on the surfactant properties was studied.
EXPERIMENTAL PROCEDURES 2.1 Materials
Divinyl sulfone 2 and 3-benzyl-5-2-hydroxyethyl -4-methylthiazolium chloride 3 were purchased from Tokyo Chemical Industry Co., Ltd. Japan . Other reagents and solvents were purchased from Wako Pure Chemical Industries Japan . Purification of solvents was carried our according to literature methods: THF over Na/benzophenone, DMF, CH 2 Cl 2 , Et 3 N over CaH, and EtOH on Mg. Water was prepared by ultrafiltration of distilled water using the Advantec pure water system, RFU354BA. Infrared spectra were recorded on a Thermo Nicolet Avator 370 DTGS FTIR spectrometer. 1 H-NMR spectra were recorded on a Bruker AVANCE-III 400 spectrometer. The mass spectra were measured using a JEOL MStation JMS-700 mass spectrometer in HR-FAB-MS mode.
Synthesis
For detailed spectral data of the gemini syntheses see the supporting information. 2.2.1 12,15-Hexacosanedione 4 by the Stetter Reaction 41 To a dry, four-necked flask 500 mL , sodium acetate 9.84g, 120 mmol , 3-benzyl-5-2-hydroxyethyl -4-methylthiazolium chloride 3 10.79 g, 40 mmol , and EtOH 160 mL were added, and the mixture was vigorously stirred at reflux for 1 h under nitrogen. To this mixture, dodecanal 1 14.75 g, 80 mmol and divinyl sulfone 2 4.73 g, 40 mmol were added, separately and dropwise, to the refluxing mixture over a period of 1.5 h. The mixture was subsequently stirred and refluxed for 1 d under N 2 . After confirming the disappearance of dodecanal by TLC, the EtOH was evaporated and water was added. The solution was extracted with CH 2 Cl 2 , washed with water twice, dried over Na 2 SO 4 , and concentrated. The residue was then subjected to column chromatography on silica using hexane/AcOEt 5:1 as the eluent to obtain 1,4-diketone 4 7.48 g, 37 yield after recrystallization from hexane and acyloin α-hydroxyketone 5 6.08 g, 41 yield as a side product.
4 : 1 H-NMR 400 MHz, CDCl 3 δ 0.88 6H, t, J 6.8 Hz, CH 3 -CH 2 To a stirred solution of 1,4-diketone 4 3.94 g, 10 mmol in EtOH 100 mL , NaBH 4 0.76 g, 20 mmol was added in portions at 0 under a nitrogen atmosphere. The reaction mixture was stirred for a further 12 h at room temperature. The reaction mixture was poured onto crushed ice, acidified to pH 4 with HCl 1 M and extracted into ether. The ether extract was then dried over Na 2 SO 4 and concentrated. The residue was recrystallized from hexane to afford diol 6 3.86 g, 9.7 mmol . 
.2 From Bis trimethylsilyl acetylene
A 50 mL, two-necked, round-bottomed flask was charged with dodecanoyl chloride 2.188 g, 10 mmol , bis trimethylsilyl acetylene 1.874 g, 11 mmol and dichloromethane 10 mL . The flask and its contents were then cooled with an ice bath. To this mixture, ground AlCl 3 1.467 g, 11 mmol was added in small portions while the solution was cooled. The reaction mixture was stirred for a further 2 h at room temperature. The mixture was poured onto crushed ice and washed with ether. The ether portion was dried over Na 2 SO 4 and concentrated to afford the keto acetylene, 7 2.914 g, yield 99 . . To a stirred solution of 7 2.80 g, 10 mmol in EtOH 50 mL , NaBH 4 0.78 g, 20 mmol was added in small portions while the mixture was cooled to 15 . After stirring for a further 1 h at 15 , stirring continued at room temperature for 18 h. After stirring, water was then added to this mixture. The solution was neutralized with 1 M HCl, the EtOH was evaporated, and the product was extracted into ether. The ether was then dried over Na 2 SO 4 and concentrated. The residue was purified by column chromatography on silica, eluting with hexane/AcOEt 5:1 , to afford β-hydroxy-acetylene 8 1.68 Fig. 1 1,4 -Diol based gemini surfactants.
g, yield 80 . Following the method of Mukaiyama et al. 42 , a 50-mL, three-necked, round-bottomed flask under nitrogen flow was charged with 8 0.21 g, 1 mmol and dry THF, and cooled to 78 . To this mixture, n-BuLi 1.6 M in hexane, 1.4 mL, 2.2 mmol was added using a syringe, and continuously stirred for 1.5 h at 78 . Then, freshly distilled dodecanal 0.239 g, 1.3 mmol was added dropwise to the mixture, and the solution was stirred for a further 4 h at room temperature. After addition of HCl 1 M , the THF was evaporated, and the product was extracted into ether. The ether was dried over Na 2 SO 4 and then concentrated. The residue was purified by column chromatography on silica, eluting with hexane/AcOEt 3:1 , to obtain β, β'dihydroxy-acetylene, 9, 0.198 g, 50 yield .
A mixture of 9 0.142 g, 0.36 mmol , ethyl acetate as solvent 30 mL , and a small amount of Pd/C 0.03 g was placed in a high pressure glass vessel HPG-3, Taiatu Techno Co. Ltd. Japan and hydrogenation was started at room temperature following normal literature procedures. After 1d, Pd/C was filtered off using Celite, and the resulting filtrate was concentrated. The residue was subjected to column chromatography on silica, eluting with hexane/ AcOEt 3:1 , to obtain 6 0.109 g, yield 76
. 2,5-Bis undecyl tetrahydrofuran, 10, was also obtained as a side product 0.027 g, yield 20 .
12,15-Bis methanesulfoxy -hexacosane 11
To a stirred solution of diol 6 3.99 g, 10 mmol and Et 3 N 2.1 g, 21 mmol in THF 100 mL under a nitrogen atmosphere, methanesulfonyl chloride 4.58 g, 40 mmol was added, dropwise, using a syringe while the solution was cooled to 15 with an ice-salt bath. The reaction mixture was stirred for a further 2 h at 15 . To this mixture, a saturated aqueous solution of NH 4 Cl was added. The product was extracted into ether, which was then washed twice with water, and then dried over Na 2 SO 4 . Finally, the ether solution was concentrated, affording bismesylate 11 5.23 g, 94 yield . Without further purification, 11 was used in the next step.
11 : 1 H-NMR 400 MHz, CDCl 3 δ 0.88 6H, t, J 6.8 Hz, CH 3 -CH 2 9 -CH 2 -CH OMs -, 1.30 38H, m, CH 3 -CH 2 9 -CH 2 -CH OMs -CH 2 -CH 2 -, 1.60-1.88 8H, m, CH 3 -CH 2 A stirred mixture of the bis-mesylate, 11, 0.772 g, 1.4 mmol , KCN 0.73 g, 11 mmol , and freshly distilled 18crown-6 0.37g, 1.4 mmol in CH 3 CN 20 mL was refluxed under a nitrogen atmosphere for 22 h. After removal of the CH 3 CN under reduced pressure, the residue was extracted with ether, washed with water, dried over Na 2 SO 4 , and con-centrated. The concentrated residue was subjected to column chromatography on silica, eluting with hexane/ AcOEt 10:1 , to obtain the dicyano derivative, 12, 0.240 g, yield 24 . A stirred mixture of 12 0.166 g, 0.4 mmol and 75 H 2 SO 4 5 mL was heated to 150 for 6 h. The resulting dark mixture was poured onto crushed ice, the pH was adjusted to 1, and the product was extracted into ether, dried over Na 2 SO 4 , and concentrated. The residue was recrystallized from THF-hexane to afford diacid 13 0.14 g, yield 71 . In a 50-mL, three-necked, round-bottomed flask, NaH 60 in oil, 0.16 g, 4 mmol was placed under a nitrogen atmosphere and washed with dry hexane three times. THF 15 mL was then added. The mixture was cooled with an ice bath and, to this, triethyl phosphonoacetate 0.9 g, 4 mmol was added dropwise. The resulting mixture was stirred for a further 1 h at 0 . To this stirred mixture was added, dropwise, a solution of diketone 4 0.395 g, 1 mmol in THF 5 mL at 0 , and the solution was heated to reflux for 24 h. This mixture was acidified with a saturated NH 4 Cl solution, and the product was extracted with ethyl acetate. The ethyl acetate portion was washed with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to column chromatography on silica, eluting with hexane/ AcOEt 10:1 , to obtain bis-enester 14 0.277 g, 52 yield . Although the two isomers of 14 14a and 14b could have been separated by careful column chromatography, 14 was used directly as obtained in the next hydrogenation step.
Hydrogenation and hydrolysis of bis-enester 14
A mixture of 14 0.534 g, 1 mmol , ethyl acetate as solvent 30 mL , and a small amount of Pd OH 2 /C 0.05 g was placed in a high pressure glass vessel, and hydrogenation was started at room temperature following the normal procedure. After 1 d, the solution was filtered through Celite, and the Pd OH 2 /C was removed. The filtrate was then concentrated to afford diester 15 0.476 g, yield 88 .
To a stirred solution of 15 0.541 g, 1 mmol in EtOH 20 mL , 1 M KOH 5.0 mL was added and the mixture was refluxed for 2 h. After reflux, the EtOH was evaporated and the solution was acidified to pH 1 with 1 M HCl. On acidification a precipitate formed, and this insoluble solid mass was collected and air dried 0.81 g, 0.77 mmol . Without further purification, this solid was suspended in acetic acid 20 mL , and the mixture was refluxed for 24 h. After removal of the acetic acid under reduced pressure, the residue was extracted with ether, washed with water, dried over Na 2 SO 4 , and concentrated. The residue was recrystallized from THF-hexane three times to afford the diacid gemini 16 0.45 g, 93 yield . NaH 60 in oil, 0.336 g, 8.4 mmol was placed in a 50-mL, two-necked, round-bottomed flask under nitrogen atmosphere and washed with dry hexane three times, then DMF 10 mL was added. The mixture was cooled with an ice bath and, to this, a solution of benzyl mercaptan 0.696 g, 5.6 mmol in DMF 5 mL was added dropwise. The resulting solution was stirred for 1 h at 0 . To this mixture, a solution of dimesylate 11 0.772 g, 1.4 mmol in DMF 5 mL was added dropwise at 0 , and then heated to 80 and stirred for 2 h. This mixture was then poured onto crushed ice, acidified with 1 M HCl and extracted into ethyl acetate. The ethyl acetate was washed with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to column chromatography on silica, eluting with hexane/ AcOEt 20:1 , to obtain bis benzylthioether 17 0.731 g, 85 yield .
Birch Reduction of 17
A 200-mL, three-necked, round-bottomed flask equipped with an acetone-dry ice condenser and a mechanical stirrer was charged with di-benzylthioether 17 1.372 g, 2.2 mmol and THF 30ml . The flask was immersed in an acetone-dry ice bath and 40 mL of ammonia was distilled into the flask and stirred mechanically. Sodium, washed sequentially with xylene and ether 0.35 g, 15 mmol , was added in small pieces. After stirring for 3 h at 78 , EtOH 10 mL was added. The acetone-dry ice bath and the condenser were removed, and the ammonia was allowed to evaporate under a gentle stream of nitrogen. The resulting residue was diluted with 100 mL of water and acidified with 1M HCl, extracted with ether, washed with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to column chromatography on silica, eluting with hexane/ 21 was prepared by following the published procedure 44 . Diol 6 0.20 g, 0.5 mmol and the sulfur-trioxide/pyridine complex 1.6 g, 10 mmol were placed in a 200-mL, twonecked, round-bottomed flask under flow of nitrogen. At room temperature, anhydrous pyridine 30 mL was added to the mixture using a syringe, yielding a clear solution. The solution was then heated to 50 for 24 h. After addition of excess saturated NaHCO 3 solution to quench the reaction, water and pyridine were removed under reduced pressure. The residue was dissolved in MeOH and the insoluble matter was filtered off. After evaporation of MeOH, the residual white solid was purified by recrystallization from MeOH-ether three times to obtain disulfate 21 0.15 g, 50 yield . To a solution of phosphorus trichloride 1.154 g, 8.4 mmol in CH 2 Cl 2 10 mL a solution of 1,2-bis hydroxymethyl benzene 1.105 g, 8 mmol in CH 2 Cl 2 15 ml was added dropwise while the solution was cooled to 15 and stirred. The solution was maintained at this temperature for 2 h. After evaporation of CH 2 Cl 2 , the residue was subjected to distillation using a glass tube oven bp 120-130 , at a pressure of 1 mm of Hg to obtain crude 2,4,3-benzodioxaphosphepin 22 1.10 g, 68 yield . Without further purification, 22 was used in the next step.
12,15-bis phosphoric acid -type Gemini 24
Diol 6 0.40 g, 1 mmol , NEt 3 0.405 g, 4 mmol and CH 2 Cl 2 20 mL were placed in a 50-mL, two-necked, roundbottomed flask, and stirred at 15 under nitrogen. To this mixture, freshly distilled 22 1.10 g, 5.7 mmol in CH 2 Cl 2 10 mL was added dropwise and stirred at room temperature for 24 h. After cooling the solution to 15 , 30 H 2 O 2 0.2 mL, 2 mmol was added dropwise to the mixture, which was maintained at 15 for 2 h. To this mixture was added a solution of saturated sodium sulfite, and the mixture was extracted with ether, dried over Na 2 SO 4 , and concentrated. The residue was purified by column chromatography on silica, eluting with hexane/ AcOEt 1:1 , to obtain 23 0.46 g, yield 60 .
A mixture of 23 0.460 g, 0.60 mmol , ethyl acetate as solvent 30 mL , and a small amount of Pd OH 2 /C 0.05 g was placed in a high pressure glass vessel, and hydrogenation was started at room temperature following literature procedures. After 2d, Pd OH 2 /C was filtered through Celite, and the filtrate was concentrated to afford the bis phosphoric acid -type gemini 24 0.318 g, 95 yield, after recrystallization from THF-hexane . 
Synthesis of 1 1-type
All 1 1-type surfactants, 2-methyl-tridecanoic acid 25, 3-methyl-tetradecanoic acid 26, sodium 2-methyl-tridecanesulfonic acid 27, sodium 2-tridecylsulfate 28, and 2-tridecyl phosphate 29, were synthesized similarly. For detailed data see the supporting information.
Measurements
Surface tension measurements were carried out at 25 on a Sigma 701 KSV Instruments using the Wilhelmy method with a platinum plate. Back-titration experiments were used to determine that the COOH groups of geminis 13 and 16 dissociated at pH 12, but remained unchanged in acidic conditions pH 3 . Therefore, for surface tension measurements, all samples, except bis-sulfonate 20 and bis-sulfate 21, were prepared as follows. The surfactant was weighed and placed into a 50-mL measuring flask. Two equivalents of KOH were added using a 0.1 M KOH solution. The solution was then diluted using 0.01 M KOH solution to 50 mL total volume, which was accurately diluted with 0.01 M KOH solution to the target concentrations and stored at 25 for 12 h before measurements were made.
The pH values of all the sample solutions were measured to ensure that they were at pH 12. Aqueous solutions of bis-sulfonate 20 and bis-sulfate 21 were prepared and stored at 25 for 12 h before measurements were made. For the pressure-area measurements, HCl 0.001 M, pH 3 was used as the subphase.
π-A isotherms were obtained using a KSV Minitrough 2000 kept in a dust shield enclosure. The total trough surface area was 364 75 mm 2 with a trough volume of 170 mL. The trough area was robotically controlled by two hydrophobic barriers that compressed the spread film symmetrically and bilaterally at a rate of 10 mm min 1 7.5 10 4 m 2 min 1 . A roughened platinum Wilhelmy plate was placed in the middle of the trough facing parallel to the moving barriers. Prior to each measurement, the subphase surface was cleaned by aspiration such that the measured surface pressure remained at 0.20 mN m 1 over a full compression. The gemini solution 1.0 mmol dm 3 in C 6 H 6 -THF 4:1, v/v was then spread onto the subphase of a standard Langmuir PTFE trough filled with the HCl 0.001 M, pH 3.0 subphase solution. The sample surfactant solution 25 μL was deposited uniformly over the subphase surface in 10 drops from a gas-tight Hamilton syringe. A minimum of 30 min was allowed for the complete evaporation of solvent prior to starting the isotherm measurements. Surface pressure, π, was recorded during all isotherm measurements. Each measurement was repeated at least three times to check the reproducibility of the isotherms, which in all cases was reproducible with standard deviations for molecular surface area and surface pressure of 0.1 nm 2 and 0.1 mN m 1 , respectively.
Determination of zero-pressure molecular area A 0
In this work, the following method was adapted to determine the zero-pressure molecular area A 0 . First, the compression modulus of the monolayer, E G , on the water surface was evaluated from the π-A isotherm see below , and the collapsing pressure π c was determined as the pressure of isotherm at the E G max point. By extrapolating the tangent line of π-A isotherm at the E G max point to zero pressure, A 0 was determined.
Compression modulus analysis
The Gibbs compression modulus of monolayer, E G , on the water surface was evaluated from the π-A isotherm by using Equation 1 45, 46 .
The E G max was defined as the maximum value of E G , and the collapsing point in this work was defined as the E G max point on the isotherm.
RESULTS AND DISCUSSION
In the synthesis of gemini surfactants, there are three components: the hydrophobic tail groups, hydrophilic head groups, and a spacer group. The choice of starting block material is important, and there are three possible synthetic strategies that depend on the order of introduction of the hydrophilic, hydrophobic and spacer groups to the starting block material. In this work, we have targeted allhydrocarbon anionic geminis that contain carboxylate, sulfate, sulfonate, and phosphate groups. Accordingly, we selected a bis long alkyl -substituted 1,4-diol, namely 12,15-dihydroxyhexacosane 6, as the starting block material, where the hydrophobic tail group is a C 11 H 23 alkyl chain, and the spacer is a -CH 2 CH 2 -unit.
12,15-Hexacosanediol 6
Using the method of Stetter and Bender 41 , the symmetric 1,4-diketone 12,15-hexacoanedione, 4 was prepared by thiazolium salt-catalyzed addition of dodecanal to divinyl sulfone 2 in a reaction that yielded 37 product together with 13-hydroxy-12-tetracosanone 5 41 yield , as shown in Scheme 1. Subsequently, 12,15-hexacosanediol, 6, was quantitatively obtained by NaBH 4 reduction of 4.
Stetter s method can only be used for symmetric 1,4-diketones, but the development of hybrid and asymmetric geminis is desirable for the study of structure-property relationships. Therefore, we devised a novel synthetic route to 1,4-diol 6 starting from bis trimethylsilyl acetylene, as shown in Scheme 2. Friedel-Crafts acylation of bis trimethylsilyl acetylene, and a subsequent reduction and detrimethylsilylation by NaBH 4 , proceeded to afford, almost quantitatively, β-hydroxy-acetylene, 8. Mukaiyama et al. 42 have reported the reaction of the dilithio salt of β-hydroxy-acetylene, prepared using n-BuLi in THF, with CO 2 to produce acetylenic acid. By reference to their work, the dilithio salt of 8 was prepared using two equivalents of n-BuLi in THF at 78 . The dilithio salt of 8 was then reacted with dodecanal to afford β, β'-dihydroxy-acetylene 9 in 50 yield. Hydrogenation of 9 using Pd/C proceeded well to afford 12,15-hexacosanediol 6 in 76 yield. However, 2,5-bis undecyl tetrahydrofuran, 10, was also obtained as a side product in 20 yield. When Pd OH 2 /C was employed as a catalyst, 10 was obtained as the major product in 54 yield.
Scheme 1

Novel Synthesis of Anionic Gemini Surfactants from 1, 4-Diol
The overall yields of both syntheses are almost same. This assured us that bis trimethylsilyl acetylene is a promising starting material for the various geminis. 12,15-hexacosanediol, 6, has two chiral centers; therefore, 12R,15R-,12S,15S-, 12R,15S-, and 12S,15R-stereoisomers are possible. Unlike the 1,2-and 1,3-diols, which can be separated into the meso-R,R and S,S and dl-isomers R,S and S,R by column chromatography, we could not separate the stereoisomers of 12,15-hexacosanediol, 6. Therefore, in this work, all geminis are mixtures of stereoisomers probably meso:dl 1:1 .
Gemini Synthesis
Previously, we reported the synthesis of all-hydrocarbon structured 2,3-bis undecyl succinic acid-type geminis having COOH-COOH 27 CN to the E-isomer of α,β-unsaturated ester derived from syn-Corynomicolic acid ester. However, simple nucleophilic substitution by CN of the mesylate groups -OMs in the Corynomicolic acid ester did not occur, but instead gave an unsaturated ester due to the basicity of CN . In this work, because 12,15-bis methanesulfoxy -hexacosane 11 has no acidic α-proton of the carbonyl group, we expected that a simple nucleophilic substitution of -OMs by CN would occur, although the yield might be low.
However, as shown in Scheme 3, we found that using 18-crown-6 as a phase-transfer catalyst, nucleophilic substitution of -OMs to -CN proceeded well to afford 12,15-dicyanohexacosane 12 at moderate yield 42 . Subsequent hydrolysis of CN to COOH proceeded successfully to obtain the adipic acid-type gemini 13. However, severe conditions were required 70 H 2 SO 4 at 150 .
In addition, we developed a second strategy for the synthesis of another COOH Gemini: a suberic acid-type Gemini, 16, as shown in Scheme 4. In this synthesis, 1,4-diketone 4 was utilized as a starting block material. Firstly, the Horner-Wadsworth-Emmons reaction of 4 with triethylphosphonoacetate, EtO 2 P O -CH 2 COOEt, gave the bis α,β-unsaturated ester , 14, in moderate yield. Again, careful purification by column chromatography would allow the separation of the two isomers of 14; however, a mixture of isomers was directly hydrogenated to suberic acid ester-type 15. Subsequent hydrolysis of 15 in alkaline conditions gave suberic acid-type gemini 16.
SO 3 Na Gemini 20
We have previously published a synthetic strategy for SO 3 H Na containing geminis by the interconversion of OH 27 or I functional groups 20 . In those syntheses, the SO 3 H headgroup was obtained by the successive conversion of X SCN SH SO 3 H. Several solvents were tested for the reaction of bis-mesylate 11 with excess KSCN in the presence of 18-crown-6. When CH 3 CN was used, a mixture of thiocyanates -SCN and isothiocyanates -NCS was obtained, and separation was difficult. In contrast, as Catusse et al. reported 47 , in MeOH and DMF solvents only the bis thiocyanate compound was obtained in 43 yield. Next, reductive cleavage of -SCN to SH was studied using two different reagents; namely, Zn/AcOH and NaBH 4 . However, dithiol was not detected and only the cyclic disulfide 19 was obtained. Unfortunately, the cyclic disulfide 19 could not be oxidized to bis-sulfonic acid, neither by AcOH/H 2 O 2 nor O 3 .
Matsuoka et al. reported a generally applicable synthesis of SH compounds from benzylthioalkyl glycosides by Birch reduction in liquid ammonia 48, 49 . Therefore, we changed our strategy to utilize Birch reduction, as shown in Scheme 5. Bis-mesylate 11 was converted to bis benzylthioether 17 by PhCH 2 S in DMF, and 17 was successfully reduced to dithiol 18 by Birch reduction. Immediately after the evaporation of NH 3 , we confirmed using 1 H-NMR and TLC that the crude product contained only the dithiol, but during purification by column chromatography a part of dithiol was oxidized to the cyclic disulfide, 19. Subsequent
Scheme 4
oxidation of 18 by O 3 at 78 afforded the target SO 3 H gemini, which was isolated as the di-Na salt, 20.
OSO 3 Na Gemini 21
Ohno et al. reported the synthesis of gemini-type hybrid surfactants containing OSO 3 Na hydrophilic groups. These were synthesized by the reaction of diols with the sulfurtrioxide/pyridine SO 3 /Py complex in pyridine 44 . Using their reaction conditions, diol 6 was successfully converted to OSO 3 Na gemini 21, as shown in Scheme 6.
OP O OH 2 Gemini 24
In our previously published synthesis of the P O OH 2 -COOH hetero gemini 40 , nucleophilic conjugate addition of the dimethyl phosphite anion MeO 2 O P was successful, but simple nucleophilic substitution of -OMs by the dimethyl phosphite anion was not. In this work, we also examined the nucleophilic substitution reactions of bis-mesylate 11 by the dimethyl phosphite anion. However, no reactions were observed, even after refluxing in THF for 2 d. Therefore, in this work, we targeted the bis phosphoric acid -type gemini 24.
Firstly, diol 6 was treated with dibenzyl chlorophosphite, PhCH 2 O 2 P O Cl; however, no reaction was observed. This is most likely due to steric hindrance. Consequently, a different strategy was used, as shown in Scheme 7. A novel chlorophosphate, 2,4,3-benzodioxaphosphepin 22, was prepared from 1,2-bis hydroxymethyl benzene and PCl 3 . The chlorophosphate, 22, reacted with diol 6 to afford a bis phosphite , which was oxidized with H 2 O 2 without isolation to yield bis phosphonate 23 in 60 overall yield. A subsequent deprotection by Pd OH 2 /C and H 2 gave the target OP O OH 2 gemini, 24.
Synthesis of 1 1-Type Surfactants
All 1 1-type surfactants shown in Fig. 2 were synthesized similarly from 2-tridecanone and 2-tridecanol. Synthetic details are described in the supporting information.
Surface Tension Measurement
Sample solutions of the COOH and OP O OH 2 geminis, 13, 16 and 24, were prepared as KOH solutions 0.01 M, pH 12 . All COOH and OP O OH 2 groups were converted to their K salts , which was confirmed by the back-titration technique. Samples of bis-sulfonate 20 and bis-sulfate 21 were prepared as simple aqueous solutions. Using these sample solutions, the surface properties critical micelle concentration CMC , effectiveness of surface tension reduction γ CMC , efficiency of surface tension reduction pC 20 : negative logarithm of the surfactant concentration required to reduce the surface tension of the solvent water by 20 mN m 1 50 , maximal surface excess concentration Γ CMC , and the Gibbs occupied minimum area A G were investigated at 25 . Results are shown in Fig. 3 and Table 1 , together with those of the Scheme 5
Scheme 6
corresponding 1 1-type surfactants.
Because the hydrophobic alkyl group is a C 11 H 23 moiety in 13, 20, 21, and 24, it is reasonable to expect that their surfactant properties directly reflect the degree of packing at the air-water interface, and the degree to which the surfactants affect the surface tension CMC, γ CMC , and pC 20 depends on the identity of the hydrophilic groups.
As can be seen in Fig. 3 , all surfactants investigated showed clear break points at the concentrations corresponding to their CMC. Interestingly, in spite of the different hydrophilic groups, geminis 13, 21, and 24 gave similar values of both their CMC 2 10 4 mol dm 3 and γ CMC 28 mN m 1 . As expected, the CMCs of the geminis are more than one order of magnitude smaller than those of the corresponding 1 1-type surfactants. Notably, the CMC values of the sulfonate and sulfate geminis, 20 and 21, are more than two orders of magnitude smaller than those of corresponding 1 1-type surfactants, 27 and 28. In addi-tion, all the geminis had γ CMC values that were smaller than those of corresponding 1 1-type surfactants.
As shown in Table 1 , the adsorbed amount of surfactant Γ CMC can be calculated according to the Gibbs adsorption equation, Γ 1/ν RT dγ/dlnC 51 , where γ denotes the surface tension, R is the gas constant 8.31 J mol 1 K 1 , T is the temperature in Kelvin, and C is the surfactant concentration. Because the concentration of KOH was high 0.01 M and therefore the effect of adsorption of K counter ion of surfactants at air/water interface is negligible, the value of ν for both COOH and OP O OH 2 surfactants was set to be 1. In contrast, the value of ν for both SO 3 Na and OSO 3 Na surfactants was set to be 2. Based on the value of Γ CMC , the Gibbs molecular occupied areas, A G , of the gemini surfactants were determined according to the equation A G 1/N A Γ , where N A is Avogadro number. According to Jenkins et al. 52 , the anion volumes of COO , PO 3 2 , SO 3 and OSO 3 can be approximated as 56 Å 3 , 67 Scheme 7
Fig. 2 Corresponding 1+1 type surfactants.
Novel Synthesis of Anionic Gemini Surfactants from 1, 4-Diol Å 3 , 77 Å 3 , and 91 Å 3 , respectively. These values have been calculated from ionic lattice energies and do not include the effect of hydration; however, it is interesting that the order of A G , for the geminis is in the order 13 24 20 21, in accordance with increase in the volumes of the anions. In addition, the values of pC 20 of all geminis were greater than those of the 1 1-type surfactants, demon-strating the superior surfactant properties of gemini-type surfactants.
In conclusion, the adsorption and packing of the anionic geminis at the air/water interface depends highly on the volume of the hydrophilic groups. As mentioned earlier, all the geminis in this work are mixtures of stereoisomers probably meso:dl 1:1 ; therefore, we cannot discuss the relationship between stereochemistry and surfactant properties.
Monolayer Formation at the Air/Water Interface
Furthermore, the alignment of the gemini surfactants at the air-water interface was investigated by π-A isotherm measurements. According to Agrawal and Neuman 53 , myristic acid C 13 H 27 COOH can form a stable monolayer on a 0.01 M HCl solution. Additionally, back-titration experiments on geminis 13 and 16 showed that all COOH groups of 13 and 16 remain undissociated at pH 3. Therefore, in this work, 0.001 M HCl was employed as the subphase to suppress the dissociation of acid groups. Results of the π-A isotherms of geminis 13 COOH , 20 SO 3 H , 24 OP O OH 2 and 1,4-diol 6 at 25 on an 0.001M HCl subphase are summarized in Fig. 4 , where the π-A isotherms of corresponding 1 1-type surfactants, 25 COOH and 29 OP O OH 2 , are also shown. Unfortunately, we could not collect π-A isotherm data for the sulfonic Gemini, prepared from sulfate 20 by treating with 50 H 2 SO 4 , even when a more acidic subphase 0.01 M HCl was used. This may be due to the high hydrophilicity of the SO 3 H group. Four parameters, the lift-off area A L , the molecular occupation area on the isotherm where a monolayer shows detectable resistance to compression , zero-pressure molecular area A 0 , the limiting area occupied by a molecule on the surface , the maximum of the Gibbs compression modulus E G max , which is a parameter of state of the monolayer , and the monolayer collapse pressure π c , which is defined in this work as the pressure of the isotherm at E G max , are summarized in Table 2 . For comparison, the values of the corresponding 1 1-type acids 25, 26, and 29 are also listed. As shown in Fig. 4 , the isotherms of 13 COOH , 24 OP O OH 2 and 1,4-diol 6 have similar lift off molecular areas 1.0 1.1 nm 2 molecule 1 , which may be due to the two hydrophobic hydrocarbon chains spreading out on the surface of the subphase during the gas phase of the measurement, much as a bird expands its wings. After passing the lift-off point, similar isotherms were observed on compression until A 0.8 nm 2 molecule 1 . On further compression, the 1,4-diol monolayer, 6, was the first to collapse, at π c 10.5 mN m 1 E G max 81 mN m 1 . Next, the monolayer of 13 COOH collapsed at π c 17.9 mN m 1 E G max 112 mN m 1 , and, finally, that of 24 OP O OH 2 collapsed at π c 24.4 mN m 1 E G max 109 mN m 1 . At the monolayer collapse point, the order of E G max for the surfactants was 6 24 13. The value of the maximum compression modulus E G max in the π-A isotherm is a reference for determining the state of the film 54 . In our previous studies on bis alkanoyl tartaric geminis 55, 56 , the values of E G max were 80 mN m 1 for liquid expanded LE film, 100 150 mN m 1 for of liquid condensed LC film, and 200 mN m 1 for closely condensed or solid film. Judging from the values of E G max , it can be concluded that the 1,4-diol, 6, collapsed in the liquid expanded LE state. In contrast, geminis 13 and 24 collapsed in the liquid condensed LC state owing to their greater hydrophilicity with respect to OH.
Comparing gemini 13 COOH with 24 OP O OH 2 , it is interesting that their π-A isotherms are similar, except for the values of π c , which can be attributed to the difference of hydrophilicity between COOH and OP O OH 2 . Additionally, the values of A 0 for 13 and 24 are very similar: 0.83 nm 2 and 0.86 nm 2 , respectively. Taking the fact that the surface tension reduction caused by 13 and 24 is similar CMC and γ CMC in 0.001 M KOH solution, we concluded that the effect of the hydrophilic groups on the zero-pressure molecular area at the air/water interface is small. Two COOH-type Geminis, 13 and 16 , at the air/water interface. In this work, 1,4-diol 6 was prepared by two routes, namely, the reduction of 1,4-diketone 4 obtained by the Stetter reaction, and the use of bis trimethylsilyl acetylene as a starting material. The 1,4-diketone, 4, is also an interesting material, and another di-COOH gemini, 16, was synthesized from 4 by a Horner-Wadsworth-Emmons reaction with EtO 2 P O -CH 2 COOEt. From the viewpoint of the di-COOH structure, 13 can be regarded as 2,5-bis undecyl -adipic acid and 16 as 3,6-bis undecyl -suberic acid. From another viewpoint, the connection point in 16 is one methylene group higher than that of 13. The 1 1-type surfactant analogues of 13 and 16 are 2-methyl-tridecanoic acid 25 and 3-methyl-tetradecanic acid 26, respectively. Therefore, to study further details of the effect of hydrophobic chain length on monolayer formation at the air/ water interface, 2,5-bis dodecyl -adipic acid 30 was prepared, which is structurally similar to 13; that is, 30 has the same molecular formula of C 30 H 58 O 4 as 16, but is one methylene longer hydrophobic chain than 13 and has the same connection structure as 13. Figure 5a and 5b show the results of surface tension measurements and π-A isotherms for compounds 13, 16, 30, 25, and 26.
Comparison of the Monolayer Formation Behavior of
As can be seen in Fig. 5a , the CMC of 16 is midway between those of 13 and 30, but the A G values of the K salts of 13, 16, and 30 are almost the same. This may indi-cate that all the hydrophobic chains are in an upright orientation at the air-water interface regardless of connection position and chain flexibility at the connection point. In contrast, the π-A isotherm of 16 was different from those of 13 and 30, where smaller A L , smaller A 0 , and higher π c values were observed. Considering that 16 has more flexibility at the connection point when COOH groups are fixed at the air/water interface, we can conclude that the alignment of geminis at the air/water interface is strongly influenced by the flexibility at the connection point, but not so much by the hydrophobicity of the molecule chain length .
CONCLUSION
In this work, a series of all-hydrocarbon anionic gemini surfactants with R C 11 H 23 hydrophobic chains and COOH, SO 3 Na, OSO 3 Na, and OP O OH 2 groups as the hydrophilic head groups was successfully developed from 1,4diol as the key starting material.
As expected, regardless of the anionic head groups, the critical micelle concentrations CMC of all the geminis were more than one order of magnitude smaller than that of the corresponding 1 l-type surfactant. The order of the Gibbs molecular occupied areas A G of the gemini surfactants was in accordance with the head group anion volumes COO PO 3 2 SO 3 OSO 3 .
Fig. 5
Comparison of monolayer formation behavior of COOH type geminis, 13, 16 and 30 (C12), and 1+1 type surfactants, 25 and 26, at the air/water interface. a): surface tension-concentration isotherms, 0.01 M KOH, 25℃. b): π-A isotherms at 25℃.
In contrast, the π-A isotherms of COOH and OP O OH 2 geminis were similar and the zero-pressure molecular areas A 0 were almost identical 0.83 nm 2 and 0.86 nm 2 , respectively , which may indicate that the effect of the hydrophilic groups on monolayer formation at the air/water interface is small.
With respect to the effects of the hydrophobic chain length and the connection position, two adipic-type R C 11 H 23 and C 12 H 25 and suberic-type geminis were studied. In conclusion, the alignment of the geminis at the air/water interface is strongly influenced by their flexibility at the connection point, but not significantly by their hydrophobicity chain length .
In this work, we developed a novel synthesis of 1,4-diols starting from Me 3 SiC CSiMe 3 . As we suspected, asymmetric 1,4-diols and hybrid-type 1,4-diols can be prepared by this route, and their corresponding geminis were successfully prepared. Furthermore, although we did not separate the stereoisomers during synthesis, stereoselective reactions reduction and Grignard reaction could allow the stereoselective synthesis of 1,4-diols; thus allowing discussion of the effect of molecular stereochemistry on the surfactant properties.
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